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INVESTIGATION OF PLASMA HEATING IN A STRONG

VARIABLE ELECTRIC FIELD

L. I. Grigoryeva, V. L. Sizonenko, B. I. Smerdov,

K. N. Stepanov, and V. V. Chechklin

I. Introduction /3*

As is known, when an electric current passes perpendicularly

to an external magnetic field, excitation of different oscillations

is possible in the plasma, if the relative velocity of the elec-

trons and ions U = Ui - e exceeds a certain critical value Ucz~

/(Ti+ T )/mi. Scattering of charged particles by turbulent
¢(Tie '

pulsations of the electric field, which are caused by the devel-

opment of these instabilities, leads to effective plasma heating.

Anomalous absorption of high-frequency energy and plasma heating

in strong variable electric fields, which are perpendicular to

the external magnetic field, were observed in many experiments,

(see, for example, [1 - 7]). In these experiments, the effec-

tive collision frequency, determining the absorption of the high-

frequency field energy and plasma heating, greatly exceeded the

frequency of paired Coulomb collisions. The observed absorptions

of the high-frequency field energy could not be explained by

Cherenkov or cyclotron absorption by electrons and ions in the

plasma.

The small scale hydrodynamic instability of the plasma with

a transverse current was observed in experiments on plasma heat-

ing by a strong magneto-sonic wave (whistle) with a large

*Numbers in the margin indicate pagination of the original foreign
text.
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amplitude [8, 9] in O-pinch [10] and in experiments with plasma

bunches entering a nonhomogeneous magnetic field [11]. Small

scale instabilities were also observed at the front of a colli-

sionless shock wave (see, for example, [12], et al.).

In these studies, there was predominant heating of either

ions or electrons, or the electrons and ions were heated to the

same order of magnitude.

The reasons for this are still not clear. Which of the

numerous current instabilities was responsible for the observed

heating is not clear either. Theoretical studies have shown that

in a plasma with a transverse current excitation of different ,

types of oscillations is possible [3, 13 - 18]. The role of

each of these instabilities in the problem of anomalous resistance

and plasma heating may be only clarified after a nonlinear theory

is formulated, whose development was begun in [19 - 25].

It was shown experimentally in this study that in the case

of turbulent plasma heating with a rapid magneto-sonic wave

(whistle) at low amplitudes primarily ions are heated, and at

large amplitudes electrons and ions are heated. In the latter

case, the electrons are heated in a very small period of time

(in a half period of whistle oscillations fw/0 A 7.10
-
8 sec).

A theoretical examination shows that plasma instability may be

responsible for the observed rapid heating of electrons. This

instability is due to excitation of "magnetized" ion-sonic

oscillations in the case of relative electron and ion motion at

a rate of U >> Ucz perpendicularly to the magnetic field. The

characteristic frequencies and increase of these oscillations

are on the order of

Re co- kv , Jgrco- i .W , (1)
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where v. = Te/m-i is the velocity of ion sound, the wavelength

is less than, or on the order of, the Larmor electron radius

Pe = VTe/WHe and the Debye electron radius

VTelu >f2 I kn t ,|I
The direction of propagation is almost perpendicular to the

magnetic field

(m, /l,)41Z < cas < < ,< <

The phase velocity of the oscillations along the magnetic field

is on the order of the thermal electron velocity (Iwl/kil vT Te).
-e

Ions may be heated by the stochastic mechanism of the

interaction of non-resonance ions with ion-sonic and hydrodynamic

oscillations, caused by the finite nature of the time of correla-

tion of turbulent pulsations of the electric field [26]. For

hydrodynamic oscillations, the frequency and increase are on the

order of 'S "v kp

e

<< 1 and cos e - (me/mi)/2. This mechanismHe Hi' e e

is important at small values of the current velocity and for

heating the plasma electron component.

2. Experimental Arrangement. Measurement Method

A detailed description of the experimental arrangement is

given in [7]. The plasma was produced by pulsed discharge with

oscillating electrons in hydrogen at pressures of < lO03 mm Hg|.

The discharge current lasted 18 microseconds. The inner diameter

of the glass discharge tube was 2a = 6.6 cm; the distance between

the cathodes was 88 cm. The quasi-constant magnetic field Ho

with a corkscrew geometry (corkscrew ratio - 1.4) had a homo-

geneous section in the middle section at a length of 70 cm.
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Depending on the initial hydrogen pressure and the magnetic field

strength, the average (over the radius) density of the plasma n,

produced in the discharge; was measured between 1013 - 104 cm 3

The distribution of the plasma density over the radius no(T),

measured by means of a double Langmuir probe, was well approxi-

mated by a linear function no(T) = 2n(1 - T/a) at every moment

of time after the discharge current was stopped.

The source of the high-frequency energy was a puising

circuit with an energy up to 10 J. The inductance of the circuit

was comprised of eight different sections encompassing the dis-

charge tube and connected to the circuit condensors in pairs in

opposite phase. The axial period of the electromagnetic field

produced by a coil was A = 20 cm. The circuit oscillation fre-

quency was Q/2w = 7 MHz, and the quality without the plasma was

35.

As was shown in [7], in excitation resonance of a rapid

magneto-sonic wave, i.e., when the longitudinal length of a

rapid magneto-sonic wave in a plasma coincides with A, more than

fifty percent of the energy in the circuit is expended on the

plasma, and there is rapid (< 1 psec) plasma heating (primarily

of electrons) up to a temperature on the order of 100 eV. The

variable magnetic field on the system axis increased in resonance

by approximately a factor of two. As it was shown in [27], in

the region of excitation resonance of the plasma, a complex spec-

trum of oscillations arose, due to the non-stationary nature of

the process and the phenomena of nonlinear interaction of the

waves.

In this study, we measured the average (over the radius)

density of the electrons by means of a microwave interferometer.

As was shown above, the local density may be determined by means
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of a double Langmuir probe, which is introduced into the plasma-

from the end of the discharge tube, and may move along the axis

of the system and along the radius. A similar method may be used

in a discharge to introduce a miniature high frequency magnetic

probe, by means of which the variable field H~ on the axis of the
z

system may be measured. 

The longitudinal energies of the electrons and ions leaving

the plasma along a constant magnetic field wer'elmeasured by means

of a three-grid analyzer with a retarding potential [28]. This

analyzer was placed on the system axis behind the magnetic mirror.

An opening was made in the cathode so that the plasma could enter

the analyzer. During the measurement process, the dependence of

the current of ions or electrons ati the collector upon the

retarding potential was determined. Using this dependence, by

differentiation we may find the function of the longitudinal

velocity distribution of particles entering the analyzer, and

then the average longitudinal energy of the particles. These

data may be used to determine the particle heating in the plasma.

The density of the plasma transverse energy was determined

from the diamagnetic signal. The diamagnetic probe was a multi-

loop coil in an electrostatic screen on the discharge tube

between two adjacent sections of the circuit coil, at the nodal

point of the field Hz produced by the coil.

The effectiveness with which the high frequency energy was

transferred from the circuit into the plasma is characterized by

the transition coefficient a, which represents the ratio of the

energy, absorbed in the circuit in the presence of a plasma

with subtraction of the ohmic losses in the circuit itself, to

the total energy supplied to the circuit condensors before it

is turned on. The quantity a is determined by the device for
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measuring the damping decrement [29]. A high frequency magnetic

probe is the sensor for this device. This probe produces a sig-

nal which is proportional to the current in the circuit.

After the experimental results given below are obtained, /8

the pulsing circuit is turned on for several microseconds after

the discharge current has ended, at the moment when the average

(over the radius) density of the electrons of the disintegrating

plasma decreases to n 43.1013 cm 3 . The increase in the plasma

density due to additional ionization after the circuit is switched

on does not exceed - 20%. The capacitance of the circuit is

charged to a voltage of 54 kV, which corresponds to an energy of

7.2 J. Thus, the maximum amplitude of the field Hz on the axis

under the coil section is ~ 250 OeI in a vacuum and ~ 500 Oel in a

plasma at the excitation resonance (Ho X 800 0e).

Figure 1 shows oscillograms of several quantities character-

izing plasma heating by a high frequency field. The measurements

were performed in the excitation resonance region. It| follows

from Figure 1 that, after the current is turned on in the circuit

(Figure la), the axial variable magnetic field H in the plasma
z

(Figure lb) begins to increase. The field amplitude in the se-

cond half-period of oscillations is much greater than in the

first half-period, i.e., there is resonance buildup of oscil-

lations in the plasma. When the high frequency field reaches a

maximum in the second half-period of oscillations, its amplitude

sharply decreases, reaching only - 1/4 of the maximum value in

the third half-period. Simultaneously with strong damping of

the high frequency field, there is a rapid increase in the dia-

magnetic signal (Figure lc). First, the high frequency field

produced by the circuit is superimposed on the diamagnetic

probe. This interference assists in establishing the time

of increase of the diamagnetic signal, which is approximately
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half of the oscillation period, i.e., 0.07 psec.|..

An increase in the diamagnetism is only caused by plasma heating,

s4nce in such a short period of time there cannot be any great

increase in the plasma density due to additional ionization caused /9

by electron heating. At subsequent moments of time, along with

oscillations at the frequency Q, there are also oscillations in

the plasma at other frequencies, which are visible not only on

oscillograms of the field Hz, but also on the diamagnetic signal.z
These oscillations were studied in detail in [27]. It is inter-

esting to note that, after a sharp increase in the plasma tempera-

ture and a decrease in the amplitude of oscillations at a fre-

quency of Q, these oscillations are damped to a much lesser

extent, as follows from Figure lb.

Rapid damping of the oscillations in a plasma, accompanied

by its heating, may be due to a sharp increase in the effective

frequency of particle collisions in a strong high frequency field.

The possible reasons for such an increase in the effective fre-

quency of the collisions will be examined in Sections 4 - 7.

The average (over the radius) maximum plasma temperature,

determined from the signal of diamagnetism with allowance for the

plasma density distribution over the radius, was T + Ti 150 eV
ei

for the case under consideration. In order to clarify the manner

in which the ion and electron temperatures change in particular,

let us turn to Figures lb and le, which show oscillograms of ion

currents (Figure lb) and electron currents (Figure le) on thel

analyzer collector with a zero retarding potential. It may be

seen from these figures that, after the high frequency field is

switched on, there is a rapid increase in the ion and electron

currents. This increase in the currents, just like an increase

in the diamagnetic signal, is primarily caused by heating of the
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electrons and ions. It is thus apparent that the'electronqgroup

simultaneously with a sharp decrease in the amplitude of the high

frequency field in the plasma and an increase in the diamagnetic

signal. The ion current reaches a maximum value only 1 psec

- A = 880 Oej /10

F'ircuit current| o 0 = 1210 O0e1
a [. 0 = 1650 Oe

:> 'oo 
l Field in plasm

Diamagnetic |

C | 5 A l -. A .signal j
Ion currentjl

d . t2 J .. - 6.

Time, psec

e i AElectron~ jFigure 2.
| curren/ 

i _' . Bafter the high frequency field is /11
Ij0 2 3 4 s5 6

-- -- - 6- turned on, or 0.5 psec after theTime, psec
beginning of electron heating.

Figure 1. However, it is impossible to deter-

mine the ion heating time precisely,

since the retardation timeof the ion current maximum is influencedl

not only by the finiteness of the heating time, but also by the

finiteness of the time of flight of an ion from the heating location

to the collector (the corresponding distance is not known exactly,

and may be on the order of several centimeters which, for an ion

velocity of < 10 7 cm/sec -occurs in the conditions .under 
consideration, and this may produce the observed retardation time).

To determine the ion temperature which is reached under these

8
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conditions we shall use the fact that at later moments of time,

when the high frequency field in the plasma is small, the electron

current on the analyzer collector decreases more rapidly than the

ion current, which points to more rapid cooling of the electrons,

Comparing Figures lc, ld, and le, we may assume that 2 - 3 micro-

seconds after the high frequency field is switched on, the dia-

magnetism of the plasma is primarily caused by ions. Thus the]

ion temperature determined from the diamagnetic signal equals

30 - 40 eV (under the assumption that the plasma density is

distributed evenly over the radius and is 3.1013 cm- 3 ). This

value agrees satisfactorily with the results given below from

direct measurements of ion energy by the retarding potential

method.

It must be noted that disconnecting the magnetic mirrors

does not lead to any important change in the oscillograms shown

in Figure 1, even at the initial moments of time when the plasma

temperature exceeds 100 eV. Just as in the case of rapid heating,

this insensitivity of a hot plasma to magnetic mirrors is appar-

ently due to the anomalously high effective frequency of particle

collisions in a strong high frequency field.

Let us now examine in greater detail the experimental data /12

characterizing the heating of ions by a high frequency field.

These data are based on measuring the dependence of the ion cur-

rent at the collector of a multi-grid analyzer on the retarding

potential at different moments of time after the high frequency

field is turned on and for various strengths of a constant mag-

netic field. After processing the curves on a computer, the

average potential energy of ions entering the analyzer was found.

As is known [35], the longitudinal energy distribution of ions

entering the input of an analyzer is generally speaking not

identically distributed in the plasma. As was indicated above,
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the effect of a finite flight time of the ions may have a sub-

stantial influence on the distribution within the analyzer. This

influence must be particularly great at the initial moments of

time. The dependence of the average ion energy on the time after

a high frequency field is switched on for three different values

of Ho is shown in Figure 2. The moments of time when the current

of ions at the collector of the analyzer reaches a maximum value

are shown on the figure by the vertical dashed lines. It is

natural to assume that the average energy of ions entering the

analyzer, which is determined at this moment, is closest to the

greatest average energy which the ions have in a plasma during

heating. The average ion energy determined in this way actually

coincides in order of magnitude with the ion energy in the plasma

determined from the diamagnetic signal. The most noteworthy fac-

tor pertaining to ion heating is the fact that the maximum ion

energies as a function of Ho are not reached for the resonance

value of Ho, where the largest values of the high frequency energy /13

absorbed by a plasma, the amplitude of a high frequency field in

the plasma (Figure 3a), and the electron energy (Figure 3b) are

assumed. As follows from Figure 3b, the ion energy increases

with an increase in Ho, and assumes the largest value (130 eV at

the ion current maximum) for Ho which exceeds the resonance value

by a factor of approximately two. At the values of the constant

magnetic field strength under consideration, the Larmor radius of

ions heated by a high frequency field may be compared with the

radius of the discharge tube. The upper limit of the ion energy

is apparently determined by this factor. In actuality, as follows

from Figure 3c, for all values of Ho considered, the Larmor radius

of an ion, corresponding to the average energy shown in Figure 3b,

changes very little, remaining at the level (0.3 - 0.2)a 1 cm.
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Figure 3 also shows the dependence on Ho of the time at which

the ion current maximum appears with respect to the moment at which

the high frequency field is turned on with a zero retarding poten-

tial (Figure 3d). It follows from Figure 3d that this time increases

as the distance increases from excitation resonance toward large

Ho (apparently this will occur also for a decrease in Ho). Appar-

ently, this is caused by a decrease in the ion heating rate, which

in its turn is caused by a decrease in the amplitude of high fre-

quency oscillations in the plasma (see Figure 3a). As follows from

Figure 3c, the ions acquire a great energy in the high frequency

field. Hence,lwith departure from resonance, the damping coefficient

of oscillations in the circuit decreases, and therefore the effec-

tive lifetime of a high frequency pulse increases.

As is shown by measurements (Figure 3b), the energy of

electrons, which is the greatest at excitation resonance, rapidly

decreases with departure from resonance to a value on the order

of several eV. Thus, for a large Ho, practically all of the high /15

frequency energy absorbed by the plasma (a ~ 10%) goes into heating

the ions.- It may be assumed that the rate at which the electrons

are heated, and consequently the maximum electron temperature,

depend greatly on the amplitude of the high frequency field in the

plasma. This assumption (just like the assumption given above

regarding the dependence of the ion heating rate on the amplitude

of the high frequency field) is confirmed by results of direct

measurements of the dependence of ion and electron energy on the

charged voltage in the circuit with a fixed value of Ho = 900 Oe,

which somewhat exceeds the resonance value (Figure 4). Under these

conditions, the amplitude of the high frequency field in the plasma

in the first period of oscillations is proportional to the charged

voltage. As would be expected, with a decrease in the amplitude

of the high frequency field in the plasma the electron energy

decreases much more rapidly than that of the ions.
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In the light of these data, it is understandable that under

excitation resonance conditions (Figure 1) significant electron

heating occurs only after the second half-period of oscillations:

the amplitude of the high frequency field in the first half-period

is not large enough to provide a high electron heating rate. As

follows from Figure lb, in the second half-period the amplitude

of the high frequency field exceeds the amplitude in the first

half-period by a factor of 1.5. It follows from Figure 4 that

the corresponding electron energies may differ by one order of

magnitude.

4. Instability of a Plasma with a Transverse Current

Let us examine the excitation of small-scale high frequency

longitudinal oscillations in a plasma with a transverse current,

which may be responsible for turbulent plasma heating in our

experiments. We shall assume that the frequency of electromagnetic

oscillations (in our case "whistles") caused by the motion of

electrons and ions perpendicularly to the magnetic field is much

less than the frequency and increment of increase of longitudinal

oscillations, and the wavelength is much greater than the wave- /16

lengths of longitudinal oscillations. In this case, during the

development of oscillations we may disregard the dependence of

electron velocity (and ion) e, i(T, t) on the coordinates and

time (adiabatic approximation). The increment of increase and

the frequency of longitudinal oscillations are much greater than

the ion cyclotron frequency, and the wavelength is much less than

the Larmor radius of ions, so that the action of the magnetic

field on the movement of ions during the development of instability

may be disregarded. Then the complex frequency of oscillations

with a phase velocity, which is much greater than the thermal

velocity of ions and the speed of sound, is determined by the

following expression [15]:
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ii6= ..U"- t _ ___'- "_* - (2)
K KU

where 6e (K, w) is the contribution to the longitudinal dielectrice

constant of the plasma electrons. In the case of a Maxwell velo-

city distribution of electrons

EC- P [ is + L \| io - ZA n c1) Wf (e n)- J
E ~~~~~~n=-Oo. . .V

(3)

where
I

i

'I

11

I1�

CO- CQc.Oe- K LC
=n VY K, irC

0

X= K - L. =He 

k<.I= K sine, c,,= K 
I

z TZ
V+e =F

C-

Expression (2) may be used if the angle 0 between the wave

vector K and the magnetic field is not close to f/2, so that

, 2oi >> meI a O >M
) . ------ i---

I

/17
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Since the quantity 6 e has an imaginary part which differs

from zero due to the presence of a Cherenkov and cyclotron absorp-

tion, w always has a positive imaginary part which differs from

zero.

If WHe >> KllVTe, then the cyclotron absorption of oscilla-

tions may be disregarded, and we may disregard in (3) all compon-

ents with n 6 0 (with the exception of the case when U nwHe).

In this case, for oscillations with cos e U/VTe the phase velo-

city of oscillations along the magnetic field is on the order of

the thermal velocity of electrons

i.e., in the case under consideration, almost all of the electrons

(with lvll < ¥Te) are resonance electrons and cause a buildup

of oscillations.

For a dense plasma (wpe > > He) in the case cos 0 U/vTe < 1
pe >wHe .. T

oscillations with a wavelength which is less than the order of

magnitude of the Larmor electron radius, but greater than the

Debye radius, have an increment of increase which equals (1) in

order of magnitude. We should note that this may be used only

when the condition wHe/KllvTe >> 1 is satisfied, i.e.,

< g 4a .Le J 9 (4)

when the effects of cyclotron absorption are unimportant. In /18

addition, to satisfy the condition 16m/K >>VTi, it is necessary

that the plasma be greatly non-isothermal, i.e., Te T.that the plasma be greatly non-isothermal, i.e., Te >Ti'

15



Let us determine the level of turbulent noise which is

established as a result of the development of oscillations with

an increment of increase in a nonlinear mode. We shall assume

that stabilization of the oscillations is due to nonlinear inter-

action of the waves with participation of the electrons. Non-

linear electron oscillations may be described by a kinetic equa-

tion for the oscillating part of the electron distribution func-

tion f = f _ f(e)

where the symbol <...> designates static averaging. The nonlinear

term : Chic)fie v Mne;T)Vl

in a very nonlinear mode becomes on the order of the linear term

Df /at, which is equal in order of magnitude to Kf- (in the

frame of reference where the average electron velocity equals

zero) and which is responsible for Cherenkov absorption of

oscillations when

(Me I C) UVT. K. C(6)1g SQPAdT e1VreL6ThoIe /< u') <>, (6)

where K ~ K- is the characteristic value of the wave vector. The

maximum value of the wave vector of unstable oscillations being

considered is limited by the condition (4). When the inequality

which is opposite to (4) is satisfied, the oscillation increment

of increase is much less than WHeWHi (only the narrow regionHe Hi

16



of resonance values K for which KU - nwHe may be an exception, /19

see below). Therefore in (6) we limit the values of K to the

maximum value Kmax (1/pe)(vTe/U), and we shall assume that

Kmax TD < 1, i.e., w HevTe/WpeU < 1. We should note that whenKax <1 HevTe pe

K Kma
x

the Ccl1otron excitation of oscillations--becomes i

great, in addition to Cherenkov excitation

Fir 4 l d C~te|E A.) me <ag.( 

For pulsations of electron and ion density n e i and an averagee., i

electron and ion velocity of U e i, we obtain

rL-.r17---. rloGL Te),

GIke LE VRTe ,Mz~(~ln d6 8

(8)

The estimates obtained above for the level of turbulent

pulsations may also be obtained by using the kinetic equation

for waves

where W~ is the spectral density of oscillation energy. The

expressions for the matrix element U+- - are given in[30, 31]
K1K'
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(in the expressions for UK +1 in l30, 31] it is only necessary to
K1K'

replace the frequency W~ by X). Taking only the Cherenkov terms

into account in U+ +-, we obtain in the usual manner the following

tUr §t __________ (Xi COS)

It thus follows that the nonlinear term in (9) becomes on the /20

order of the term responsible for the oscillation buildup exactly

at the level of oscillations (6) - (8).

Since turbulence is strong in this case, utilizing Equation

(9) may only give the correct order of magnitude. However, an

estimate based on the use of the theory of weak turbulence makes

sense, since it shows that at a level of oscillations less than

(6) instability stabilization due to nonlinear buildup of oscil-

lations by electrons is impossible, since in this case the nonlinear

component in (9) represents only a small correction to the linear

term 2y¥W+. (We should also note that, in spite of the strong

turbulence, the concept of resonance particles can be retained,

since KU Kllvll >> Tmw ~ He.Hi, so that the matrix elements

U+K1 will represent integrals containing 6 - functions

6(w - Kjvji) = 6(K + K1 1vj).)

5. Electron Heating

Let us consider heating of electrons and ions in the field of

turbulent pulsations (6). Scattering of resonance electrons by

plasma oscillations leads to "a spreading apart" of the background

distribution function along the magnetic field. To determine this

phenomenon, we shall use the quasilinear equation of particle

diffusion by the waves

18



GI K.BI (0o)
rn It

(We should note that in this case the quasilinear equation (10) /21

which describes the scattering of electrons by oscillations with

the participation of one plasmon, is only valid in order of magni-

tude, since at the level (6) components indicating the scattering

of electrons with the participation of two, three, etc., plasmons

must be added to the right part of Equation (10). However, since

these components are of the same order of magnitude as those

considered in (10), the results obtained from (10) are valid in

terms of the order of magnitude).

Since the spectral intensity I9.I[2 differs from zero in a

wide range of phase velocity values A|w[/Kijl ~vTe, the opposite

action of oscillations on resonance particles leads to diffusion

of the distribution function in a wide range of longitudinal

velocities IVlli vTe. The spectrum of unstable oscillations,

according to (2), will expand as the electron heating increases,

which will lead to further electron heating.

The characteristic time for a change in the function fo(e)

(heating time) is determined according to (10) and (6) by the

following relationship:

EC1t VT<) ( 11)
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This electron heating mechanism leads to an increase in the

longitudinal electron temperature in the case Kpe << VTe/U. At

least two mechanisms are possible which lead in this situation to

an increase of the transverse electron temperature. First, in

the case T >> T and U >> vj excitation of "nonmagnetized" ion-
e i 

sound oscillations, whose frequency and increment of increase are

also determined by Expression (2), is possible. Assuming that

for unstable, short-wave ion-sound oscillations KTe.~ 1 and Kpe >> 1

(Wpe >> WHe) and cos 0 1, we obtain from (2) - /22

RC W= K U- , A a A__

Scattering of the electrons by turbulent ion-sound oscillations

leads to isotropization of the distribution function [19, 32],

and consequently to an equalization of the longitudinal and

transverse temperatures. The isotropization time Ti 1, v1

where v. is the effective frequency of electron scattering deter-
3

mined by the following relationship [19]

(12)

where W is the energy density of ion-sound oscillations. If the

ion-sound instability is stabilized due to nonlinear scattering

by resonance electrons, just as in an isotropic plasma, then [24]

W (me/mi)noTe
, and temperature anisotropy does not occur

(T1
< T ), if . ) Wn

COpe 'i
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Scattering of electrons by ion-sound oscillations will also lead

to their heating. In this case, the heating time is on the order

of T ( j ) where
e

7-) (7r "~ 4) 1 (13)

In this case, the longitudinal and transverse electron

temperatures are increased.

Secondly, for shortwave ion-sound oscillations which are /23

distributed almost perpendicularly to the magnetic field

(cos O U/vTe), when condition (4) is disturbed, i.e., in the

cas e vTe /U, as was already noted above, scattering of elec-cae Kpe ..

trons by turbulent oscillations becomes significant under condi-

tions of cyclotron resonance w = Kj1 vjl + nwHe, which leads to

an increase in the transverse electron temperature. According

to quasilinear theory, the rate at which the transverse temperature

increases is determined by the following relationship

atop a; are <>is) AW ) K.; ,rC~~~~~c)~ ~ ~ C

In the case KPe v Te/U and cos O U/vTe, it follows that the

rate at which T. increases is the same as the rate at which T1 1

increases.

Cyclotron instabilities for which K ~ nwHe may also lead to

an increase in the transverse energy. The maximum increment of

increase of these oscillations which are excited by resonance
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electrons is reached in the case cos O ~ (U VTe) and KPe vVTe/U

Ile~~~~e peTe -T(but thus KTD_ ~-HeVTe/WpeU ~ 1):

These oscillations develop in a narrow range of values for the

wave vector AK/K U/vTe, and are apparently stabilized at a

comparatively low level.

Finally, for values of the angle 0 which are close to w/2,

coherent (not connected with dissipative phenomena) excitation

of shortwave (KPe - nvTe/U >> 1) cyclotron oscillations is

possible (see also [14]). Assuming in this case that ZnI >> 1, /24

we find that

"~~~Z 5 ns-A. (x)
- ez - lAX

Thus in the case 6e
7 1 we find the following for X > mHe

.-~ e rc~ >g> e -- , . ....

C2h c.rTe

It must be noted, however, that these oscillations cannot be

excited, since their wavelength XAi = 2wr/K11 is great due to the

smallness of cos 0, and the condition Xi << A may be disturbed,

whereAlis the longitudinal wavelength of oscillations with the

frequency Q producing a transverse current (in our experiments,

l >>» 3 cm must hold for these oscillations, when A = 20 cm,

so that the condition A1 1 << A may be satisfied).
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The presence of turbulent pulsations leads to the occurrence

of a turbulent friction force acting on the electrons (and ions).

We may find this force by multiplying the quasilinear equation

for the background distribution function of electrons by v and

integrating in the space of velocities. Then, taking the fact

into account that cos e U/VTe 1/Kpe, we obtain the following

estimate for the effective collision frequency:*

Qe$ Lre CA) (14)
re-

6. Ion Heating

Since the phase velocity of the oscillations being considered

is much greater than the thermal velocity of ions, ion heating

by the field of turbulent pulsations under conditions of Cherenkov

resonance is impossible. However, due to strong nonlinear inter-

action of the waves, which leads to a "reduction" of the phase /25

of the Fourier field components and to attenuation of their time

correlation, the mechanism of stochastic ion heating becomes

very effective.

For these oscillations, if the amplitude of the oscillations

of directional ion velocity Ui~ (me/mi) U/2 is much less than

the thermal velocity of ions, then the ion distribution function

may be represented in the form of a sum fi = fi) + f where

*The use of this expression gives the following estimate

A ~ (C j) pe. )( /4JT fa l1oTe

for the width of the front of a collisionless shock wave propa-
gated perpendicularly to the magnetic field.
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the oscillating part of the distribution function f is much

less than the averaged background distribution function f(i)

Since U I-<< vTi, we may disregard the nonlinear scattering of

waves by ions. In this case, the background distribution function

of ions may be described by the equation [26]:

at ~ at Mzi apt {a (15)
Lrz~H d

where the diffusion coefficient is equal in order of magnitude

to

Ii =l ; l (16)

The quantity T(Klv) is the characteristic correlation time

of cp(t). In the case of strong turbulence, the quantity 1/T(t)

will be on the order of the nonlinear decrement of damping, i.e.,

T() 1//HeHi. Taking this fact into account, from (15) andHe Hi

(16) we find that the ion temperature changes in the character-

istic time Ti, determined in order of magnitude by the relation-

ship

Z, (/,I)2i ) | (17)
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It thus follows that the ion temperature increases as /26

0 ITo ~ con My z~i')di ' / (18)

In addition to the ion-sound and cyclotron oscillations, in

the case U >> vj, VTi excitation of hydrodynamic oscillations is

also possible, for which thermal motion of electrons and ions is

not significant, and for which

10 lt-U~e I>> K I t Te ) CO-KUL l>KVT <(

These oscillations are propagated almost perpendicularly to the

magnetic field (cos2 O ~ me/mi), and have a frequency and incre-

ment of increase on the order of

Ke c - Jmn cc'i/ojewee (%)e > CA . e)|

Stochastic ion and electron heating at hydrodynamic turbulent

pulsations also occurs according to (7).*

The time of stochastic ion heating in the case of scattering

by nonmagnetized ion-sound pulsations T) is determined by the

relationship

-*This was shown by the authors together with V. V. Demchenko.

t'(}/ T(IA) 4.Tv 

*This was shown by the authors together with V. V. Demchenko.

25



where Tj ) is the correlation time of ion-sound oscillations. It
c

is assumed that the finiteness of the correlation time is due to

the nonlinear interaction of oscillations with participation of

the electrons, and we set 1/TcJ ) Tmw - (U/VTe )Wpi. Then, with

allowance for Wi/noTe me/mi, we obtain

/27

HAL UT _ 1
L

Let us digress from the possible influence of electron

cyclotron oscillations and lnonmagnetized ion-sound on plasma|

heating, and we shall only consider ion-sound oscillations in the

case cos e - U/VTe and hydrodynamic oscillations. For the char-

acteristic of the rate at which electrons and ions are heated,

let us introduce the parameter e which is determined by the

equation

TzI K T (19)

In the case «<< 1 electrons are heated more rapidly if ae > 1,

and then ions and electrons are heated at approximately the same

rate, so that with prolonged heating the temperatures of the ions

and electrons must be of the same order of magnitude when there

are no losses.

Let us now discuss the manner in which plasma heating occurs

when a high frequency field is turned on with a large amplitude.

If the amplitude of the high frequency field is so great that

e << 1, then at first there is primarily electron heating. As

the electron temperature increases (and possibly the amplitude

of the current velocity U decreases), the parameter e increases
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and when e becomes greater than unity, the ion temperature

begins to "approach" the electron temperature. With a certain

value of the ratio Te/Ti > 1, "nonmagnetized" ion-sound oscilla-

tions are disrupted, and a further plasma heating only occurs due

to hydrodynamic instability until the thermal ion velocity is not

comparable with the current velocity U. In this case, the hydro-

dynamic instability changes into kinetic instability [16] for /28

which ___

Rew'-.'n Jmo 6- -a e COtu L l - K \ri

Stochastic heating, connected with "reduction" of the phase,_ isJ
replaced by Cherenkov quasilinear heating of ions and electrons.

This last stage of turbulent heating is continued until the ther-

mal ion velocity is no longer close to the critical value of the

current velocity U = Ucz, below which the plasma is stable in the

wave field.

This picture of heating is only valid if we may disregard

plasma energy losses. If the energy acquired by electrons from

turbulent pulsations is compensated by energy losses in the case

of inelastic collisions of electrons with neutral particles, and

the energy lost by the ions during inelastic collisions is small,

then primarily ion heating occurs (even if e < 1).

Plasma heating may also be greatly slowed down, if there is

anomalously high thermal conductivity of the plasma across the

magnetic field, and if this conductivity is caused by scattering

of particles by turbulent pulsations in a nonhomogeneous plasma.
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7. Conclusion

In conclusion, let us formulate the experimental results

obtained, and let us compare them with the theoretical determina-

tions.

In the case of excitation of a rapid magneto-sonic wave in

a plasma (electron desnity n - 3.1013 cm 3, the temperature at

the moment of wave excitation Te < 1 eV, the wave frequencye, i

Q = 4.4.107 sec,', and the longitudinal and radial wave vectors

are equal to K1 1 = 2wff/A z 0.3 cm 1, K ; 1 cm-'), the wave ampli- /29
z -~ _

tude under conditions of resonance excitation is increased in

three quarters of a period of the oscillations up to the maximum

value of Hz z 500 Oe. As was shown in [27], the dependence of
z

the magnetic field of a whistle on the coordinates in the plasma

is satisfactorily described by the relationships of linear theory

(see, for example, [34]), in spite of the fact that the amplitude

of the variable magnetic field on the H axis is comparable withz

the magnitude of the external constant magnetic field Ho. The

magnitude of the current velocity is approximately equal to the

drift velocity of electrons in the azimuthal direction

H. KH
r ~ C ao K Ho ,

where E is the radial component of the whistle electric field

strength. At the point z = a/2 = 1.6 cm, where the plasma density

equals the average value, U - 5.107 cm/sec. The directional

velocity of ions is much less

,E, 

e'nJ _ ; hit C tkt ~64 s-h
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After the time ~ 10
-

7 sec (approximately three quarters of a

period of the high frequency field), after the whistle magnetic

field has reached a maximum value, rapid heating begins of elec-

trons whose transverse temperature, measured by a diamagnetic

probe, is ~ 100 eV, in the time < 7.10
-
8 sec (approximately half

of the high frequency field period). In the same time, the

whistle amplitude decreases by a factor of four, so that prac-

tically all of the whistle energy stored in the plasma

Ww ~ H2/8w ~ 5-103 erg/cm3 changes into the electron energy

nOTe - 5-103 erg/cm3

The whistle phase velocity along the magnetic field /30

Q/Kj_ ~ 1.5-108 cm/sec is less than the thermal electron velocity

vTe 4.108 cm/sec (Te 100 eV). Therefore, the whistle may be

absorbed by plasma electrons under conditions of Cherenkov reson-

ance. However, Cherenkov absorption of the whistle cannot be

responsible for the rapid damping of the whistle. The whistle

damping time due to Cherenkov absorption equals [33]

1I - sglI 2L2 g (20)

where 0 is the angle between the whistle wave vector and the

magnetic field. In our case sin2 ~ 0.9, K 4 1 cm
-
1 , so that

TC ~ 6-10
-

7 sec. This value of the damping time is one order ofC

magnitude greater than the observed value.

The rapid electron heating may be explained by electron

scattering by turbulent shortwave longitudinal oscillations of

the "nonmagnetized" ion sound type, which is propagated almost
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perpendicularly to the magnetic field (cos 9 ~ U/VTe 1/Kpe).
Te-- e

Under the conditions of our experiment, these oscillations have

the characteristic frequency w Kvj (vTe/U)viw~, * 3-109 see
-

1.
~ VTe/ WHe Hi-

The increment of increase is /wHewHi 3-108 see
-
', and theHe Hi-

wavelength is Xll = 2w/Kma 2wU/wHe 0.02 cm (KTD ~ 1). Themax- He -- D

longitudinal wavelength is X11 = 2w/Kll 2 nPe 0.2 cm.

A theoretical estimate of the electron heating time in the

case of scattering by these oscillations [11] gives a reasonable

order of magnitude: Te'_ 4.10 T 8 sec in the case Ho = 800 Oe,

U -5.107 cm/sec and T e 100 eV. Since this estimate is sensitive
e --

to an accurate value of the ratio U/vTe (the change in this ratio

changes Te by one order of magnitude twice), we must not attribute /31

particular importance to the numerical agreement of the measured

and theoretically determined value of Te.

The oscillations being considered provide an increase both

of the longitudinal and the transverse electron temperatures.

In our experiments, an increase in the temperature is

accompanied by a decrease in the amplitude of the whistle magnetic

field and the current velocity U. Since a large portion of the

whistle energy goes into electron heating in a short period of

time (approximately a half period of the oscillations w/R), for

an accurate determination of the heating time we must solve the

Maxwell equation for the whistle field in a plasma, together with

Equation (10).
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The observed whistle damping time (< 2r/Q) also agrees with

the estimate of the heating time. Actually, the whistle damping

time in the case of paired collisions is determined by the rela-

tionship [36]

Tw - He I- 

where vco is the frequency of paired electron collisions.

Utilizing Formula (14) for the effective frequency of electron

collisions, we thus obtain

,.-. I -2 . (21)
Tw K]Z

We obtained this same relationship by assuming that the whistle

energy goes into electron heating

Tw H 2. cj

Thus, it is necessary to use (11) for the change in time Te, and /32

to take the fact into account that for whistles-H ~ . (U/Q)X.1 1Ho

and (Xly + Xz) K l l 2pe/HeC2. The damping time estimated

according to (21) under the experimental conditions (U 5.107

cm/sec, vTe 4108 cm/sec) is 6.10
-
8 sec, which practically

coincides with the observed whistle damping time (Figure lb).
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Let us now discuss the role of nonmagnetized ion-sound

oscillations (cos O - 1, KzD - 1). These oscillations may provide

isotropization of the electron distribution function and energy

transfer with respect to the electron degrees of freedom at the

level Wj/noT

e

memi l0 T 3 during a period of time which is small
e- ei

as compared with the electron heating time. According to (12)

Ti 4.10
-
9 sec, which is twenty times less than the heating time.

For Wj/nOTe l0 3 the ion-sound oscillations cannot provide the

observed electron heating rate: according to (13), Te

4-10 7 sec, when U 5.107 cm/sec and Te 100 eV, which is five

times greater than the observed heating time. (Only when Wj/noTe 

102 can the observed electron heating be due to ion sound.)

For large amplitudes of the high frequency field, the electrons

are heated in a period of time which is much less than the time of

electron energy loss due to inelastic collisions. Actually, as

may be seen from Figure ld, the electron cooling time is - 1 psec.

For small amplitudes of the high frequency field, the electron

heating rate decreases greatly (T > 106 sec for Hz :< 200 Oe),ez

so that the increase in the electron temperature becomes impossible

due to strong losses in the case of inelastic collisions. (We /33

should note that the great influence of inelastic collisions on

the electron temperature may explain the rapid decrease in Te with

an increase in the neutral gas pressure even for comparatively

large values of the amplitude of the high frequency field Hz.. 350 Oe

[37].)
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Let us investigate the results of ion heating. In our

experiments, the ion heating is limited when the Larmor radius with

the thermal velocity becomes equal to (0.2 - 0.3)a (see Figure 4c).

Assuming that the ions obtain energy as a result of the stochastic

mechanism of "reduction" of the phase, we obtain the following for

the ion heating time from (18):

at= L G9>~~~~~ Ann, 3 )(22)

where U is the average value of U(t) during the heating time.

It may be assumed that under conditions of excitation

resonance (Figure 1), after there is rapid heating of the electrons

and the whistle amplitude decreases by a factor of four (U l07

cm/sec),/ there is stochastic ion heating at the stage of slow

damping of a whistle with a small amplitude. The situation is

different with departure from excitation resonance toward large

magnetic fields Ho, where (Figure 3) the whistle amplitude decreases

by approximately a factor of two, and the oscillation damping-time

in the circuit increases to a value of > 1 psec. The estimate (22)

gives At X (1 - 4)10 T 6 sec for these cases, which does not contra-

dict the experimental data (Figure 3).

Paired collisions apparently have a slight influence (even

for small Hz) on ion heating. Cooling of the ion component may be /34z

determined by the charge exchange and (in the case T e z 5 eV) by

Coulomb collisions with electrons.
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We should note that under our conditions when Te >> Ti

stochastic ion heating in the case of scattering by nonmagnetized

ion-sound oscillations (cos 0 - 1), in the case W /noT 10 3,

is much less intense than for ion-sound oscillations propagated

almost perpendicularly to the magnetic field, or for hydrodynamic

pulsations (T(i) >> Trz) . Nonmagnetized ion-sound oscillationsz !z

could make a contribution to ion heating only in the case Wj

10-2noTe . It must also be noted that this heating mechanism cane

only operate when Te >> Ti, whereas stochastic ion heating in the

case of ion scattering by hydrodynamic pulsations is in operation

when T < T..
e 1

Relationships (17), (18) and (22) were obtained on the

assumption that, due to strong interaction of the oscillations,

the characteristic correlation time of the Fourier component of

the turbulent pulsation potential is on the order of the inverse

nonlinear decrement of damping, i.e., on the order of l//¢HeHi,
.He Hi'

both for ion-sound oscillations and for hydrodynamic pulsations

(cos 0 - 7meii. This assumption was confirmed by us for hydro-

dynamic pulsations which were studied in [8, 9]. Using data given

in [9], a correlation analysis was made of the measured potential

of oscillations cp(t) having a maximum of spectral intensity in

the frequency region w ~ 1.6.108 sec 1 ~ 0.5v¢HeHi in the case
He Hi

Ho P 900 Oe and n A 1013 cm 3. The oscillation potential is

measured by a double electric probe with a distance between the

rods of d =3 mm. This probe was most sensitive to oscillations

with a wavelength d. The perturbation of the plasma caused by

the probe (decrease in density, cooling, etc.) was difficult to
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take into account. The low impedance of the probe in the plasma

also distorted the measurements. Thus, the measurements of the /35

oscillation potential b(t) are only qualitative in nature.

Figure 5 shows the normed self-correlation function

T_ 

for one of the realizations of f(t) shown in this same figure,

together with the oscillogram of the azimuthal component of the

whistle magnetic field HR. The noise oscillograms were studied

on a computer. The computer program stipulated subtracting the

non-zero average value (t-. As follows from Figure 5, the corre-

lation function decreases by a factor of two in the time T ; 10
-
8

sec, which coincides with the opposite value of the oscillation

increment of increase. For other realizations of .cp(t) measured

for different values of n, Ho and H , the function R(T) had a

similar form.

The experiments performed under nonresonance conditions or

under resonance conditions, but with a smaller field amplitude

(Hz 500 Oe) show (see Figures 3 and 4) that with small ampli-

tudes there is primarily ion heating. This is in qualitative

agreement with the picture of electron and ion heating examined

above (see Section 6). The rapid decrease in the electron tem-

perature with a decrease in the voltage in the circuit, i.e.,

the whistle amplitude, may be explained by the fact that the

rate of electron heating in agreement with (11) rapidly decreases

with a decrease in the whistle amplitude. In the case e > 1,
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the rate at which electrons and ions are heated becomes the same.

With a decrease in amplitude, as was already noted above, the

role of inelastic electron collisions increases. Since the heat- /36

ing rate is small for small whistle amplitudes, the electron

heating generally stops at a certain value of the current velocity

U = U*, at which the energy acquired in the field of turbulent

pulsations is comparable with the energy lost in the case of

inelastic collisions. In this case, the ion heating does not

stop, however, since the frequency of inelastic ion collisions

with neutral particles is much less than the frequency of inelas-

tic electron collisions. Therefore, predominantly ion heating in

the case of small whistle amplitudes in our experiments may be

explained by the influence of inelastic collisions which limit

the increase in electron temperature.

We should also note that for small T (under our conditionse

for Te = 1 - 10 eV) the analysis of electron heating is compli-

cated by the necessity of considering electron Coulomb collisions

with ions, whose presence also leads to bunched-resistance

instability [15].

It must be noted that this mechanism of ion heating must not

lead to a change in the velocity distribution of ions along the

magnetic field. However, the anisotropy of the ion velocity dis-

tribution (TLi > T1 1 i) arising in the case of heating leads to a

formation of a different type of anisotropic instabilities.

The reverse, influence of the oscillations produced on

the ions causes the transferoftransverse ion energy into longi-

tudinal energy. Thus, the isotropization time may be on the same

order of magnitude as the heating time. This may possibly explain
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the fact that in our experiments (see also [7]) the transverse

and longitudinal ionenergy is identical in order of magnitude

throughout the entire heating time.

In conclusion,J let us briefly discuss the results of experi-

ments [3, 4] in which there was also turbulent heating of a plasma /37

with a transverse current, caused by a strong high frequency field.

In experiments [3] (n ~ 1012 - 1013 cm- 3 , a = 6 cm, Ho H

500 Oe, 2 = 5.7'107 sec
-
A) a direct magneto-sonic wave with a

large amplitude was excited. Under optimal conditions, the absorp-

tion of high frequency energy in a plasma takes place in a period

of time which is less than the period of oscillations. The elec-

tron temperature reached values of 100 - 1000 eV, and the ion

temperature - 175 eV. The values of the thermal velocity

atL U =Q (23)

Hw Erne At. in c-

were rather high (U X 3'108 cm/sec). Therefore, in these experi-

ments conditions occurred when U. > vTe, and Buneman instability

took place. Under the same conditions when U < vTe, ion-sound

(cos 0 - 1 or cos 0 ~ U/vTe) and hydrodynamic (cos O - V7me/i)Te ~~~~~e i

instabilities were excited, which could be responsible for tur-

bulent heating of ions and electrons in the U
9

< vTe mode.

In experiments [4] a direct magneto-sonic wave was also

excited (n 1013 cm 3 ; Te < 10 eV; Ho F 2'103 Oe; H 60 Oe;

= 1.3.108 sec- l). There was thus predominantly ion heating.
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The amplitude of the current velocity, according to (23") U 107

cm/sec was much greater than the thermal ion velocity at the

beginning of the heating process and became on the order of VTi ~

l07 cm/sec when the ions reached a maximum temperature of T. -
1

100 eV. Therefore, at the initial stage ion heating may occur

due to the development of hydrodynamic instability (cos O ~ me-/mi),
e 1

and due to the small amplitude H electron heating is insignifi-

cant. In the case Ti - 100 eV >> Te this instability may change /38

(in the case U < vTi) into electron-sonic instability, which

also is accompanied by predominantly ion heating [20 - 23].

The authors would like to thank A. V. Smirnov and I. B. Pinos,
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